The interplay of excitonic and vibronic coupling in coupled chromophores determines the efficiency of exciton localization vs delocalization, or in other words, coherent excitation energy transfer vs exciton hopping. For the investigation of exciton localization in large coupled dimers, a model Hamiltonian approach is derived, the ingredients of which can all be obtained from monomer ab initio calculations alone avoiding costly ab initio computation of the full dimer. The accuracy and applicability of this model are exemplified for the benzene dimer by rigorous comparison to ab initio results. © 2013 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Conjugated π-systems are deservedly the subject of extensive experimental and theoretical studies, considering that π-conjugated smart materials have become increasingly important in everyday life. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] A comprehensive collection of their electronic spectra and electronic and structural properties has been presented over decades, with regard to their remarkable applicability in organic light-emitting diodes (OLED), 14 in semi-conducting layers of field-effect transistors (FET), 1, 12, 15, 16 as well as in organic solar cells which are being developed as cheap substitutes for silicon-based solar cells. However, the low energy conversion efficiency of organic solar cells is the main bottleneck, which still limits their usage. This is partially due to rather inefficient excitation energy transport (EET) 11, 17 within the organic materials. For designing improved organic materials, all occurring processes and the effects determining their efficiency need to be ascertained and eventually well understood.
To investigate EET pathways in organic materials theoretically, it is an important first step to compute the excitonic coupling (EC) between individual chromophores using quantum chemical methods for the excited states of the system, because the qualitative character and the quantitative rate of EET are determined by EC. [18] [19] [20] EET usually occurs from an electronically excited molecule to a non-excited spatially close molecule with lower excitation energy via Förster (Coloumb) or Dexter (exchange)-type or both transfer mechanisms between excitonically coupled dimers. 21 In general, two types of EET are distinguished, coherent and in-coherent EET. 22 The first is usually understood in terms of delocalized a) Authors to whom correspondence should be addressed. Electronic addresses: gmaja@chem.bg.ac.rs and dreuw@uni-heidelberg.de excited electronic states over several chromophores and the monomer units remain structurally identical. The latter one is often described as "hopping" of excitation energy from one site to the other, i.e., the exciton is localized on one monomer unit due to its geometry relaxation and then transferred dynamically to a neighboring site. However, most real cases of practical importance belong to intermediate situations.
In order to understand the geometry relaxation of an electronically excited dimer, or equivalently, the localization of the exciton, it is necessary to explicitly take nuclear motion into account. Many theories exist for the description of EET processes, 22 however, only a very few studies are available that consider both electronic and vibrational contributions to the energy transfer process in a rigorous, quantum mechanical way. 20, [23] [24] [25] Typically, the effect of vibrations is often included as dynamic disorder in the electronic coupling. 26, 27 The coupling between electronic and vibrational degrees of freedom is generally quantified by the so-called nonadiabatic couplings, 28 and structural, symmetry-breaking distortions can be explained in this framework by Jahn-Teller (JT) and pseudo Jahn-Teller (PJT) theory. Hence, the major goal of this work is to understand the localization mechanism of excited states and the driving forces responsible for it, in the framework of the established PJT formalism and Förster's degenerate perturbation theory approach. 29 We develop models for the reliable description, interpretation, and prediction of excitonic coupling taking into account vibronic coupling, and the interplay between these two effects. Most importantly, the necessary quantities for the dimer Hamiltonian can be derived from monomer calculations alone. The proposed theory is validated using the benzene dimer as test case, since it presents one of the simplest, aromatic systems with π -π interaction, representative of more complex chromophores. In addition, extensive experimental and theoretical data are available in the bibliography, with which we can compare our computed data. [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] For the purpose of this work, time-dependent density functional theory (TDDFT) was chosen as standard method for the calculation of the excited states, due to its computational efficiency. Its accuracy is here clearly sufficient despite its well-known drawbacks. 40 A detailed understanding of the physical effects determining the electronic properties of the benzene dimer, its excited states, and the role of vibronic coupling is an essential prerequisite for the successful investigation of more complex systems. As it will be shown, the new developed model predicts the properties of the dimer through the simple interpretation of the monomer characteristics and its intrinsic features, which can eventually be used to study much larger systems of biological and technological interest.
II. THEORETICAL BACKGROUND-VIBRONIC MODEL FOR EXCITONIC COUPLING
In order to develop a theory, which takes excitonic and vibronic coupling into account, and to understand their mutual influence at least in a qualitative manner, one needs to start with some basic assumptions: (a) It is assumed that the monomer is a closed-shell species (see Figure 1 (a)) which should be correct for most systems not containing transition metal ions. (b) The first excited state of the monomer is mainly described by a single excitation from the highest occupied molecular orbital (HOMO) to the lowest unoccupied one (LUMO). While this condition implies a very small configuration interaction, this later condition is reasonable if excited states with other configurations are sufficiently separated from the HOMO-LUMO ones. (c) In order to take advantage of a JT-type formulation it is assumed that some kind of symmetry element relating the two monomers in a dimer exists. In the case of the benzene dimer shown in Figure 1 (b) this operation can be taken to be a reflection or inversion but the theory is not limited to them in its application to other FIG. 1. Scheme of the frontier orbitals of the monomer and the dimer, in which, a symmetry operation relates the monomer orbitals to the dimer ones. Hence it is possible to classify the dimer orbitals accordingly, here with respect to the coplanar reflection plane. cases as, for example, it could be applied to an n-monomer system with a C n axis in the system. Let us first discuss the nature of the lowest excited states in a symmetric dimer. For simplicity, it is first supposed that monomers HOMO and LUMO are non-degenerate, however this restriction can be easily lifted and the solutions for the degenerate case will be given also below for benzene. Using the symmetry condition (c) we can write the dimer orbitals as symmetrized combinations of the monomer orbitals:
In the equations above the sign corresponds to the character of the wavefunction with respect to the considered symmetry operation. We will call the combination with the + sign even (α = e) and the combination with the − sign odd (α = o). It is important to note that the even and odd notations here refer exclusively to the main symmetry operation and they should not be understood as proper even or odd character with respect to inversion in real space which, in many cases, the studied molecules lack. The symbols S H and S L denote the HOMO-HOMO and LUMO-LUMO orbital overlaps. Note that in deriving expressions (1) and (2) we are neglecting the interactions of the HOMO of a monomer with the LUMO of the other, and vice versa. This is justified, because the HOMO-LUMO interaction is small. Using conditions (a) and (b) we can now generate all singly excited determinants that give rise to the lowest dimer singlet excited states (Figure 2 ), which can be classified with respect to the position of the electron and hole of the exciton, as well as from a symmetry point-of-view. In a second step we are going to take the structural distortion into account that occurs on the monomer when the system is excited into the excited state. If we describe this distortion by an effective mode Q, using symmetry, we can construct two distortion modes for the dimer:
Here, and similar to previous notation, Q e and Q o have +1 and −1 characters with respect to the symmetry operation, and Q 1 and Q 2 are local distortions in each of the monomers. In Figure 3 we give a schematic representation of these modes for the benzene dimer in a D 6h configuration. Finally we will build the system Hamiltonian as a sum of electronic, vibrational, and vibronic parts. The electronic contribution (H el ({ r} ; R)) depends on the electron coordinates, { r}, and the distance between the monomers, R, the vibrational on the distortion coordinates (Q e , Q o ) while the vibronic part depends on both:
Using this Hamiltonian we can now create a vibronic matrix i |H| j using the states shown in Figure 2 . This matrix can be simplified using symmetry to determine only non-zero elements to yield 
where we have defined the excitonic coupling constants i = i |H| i and the diagonal F i = i |dH/dQ α | i and off-diagonal F j i = i |dH/dQ α | j vibronic coupling constants (here the index i and j run along the states ee, oo, eo, and oe as defined in Figure 2 and α stands for e or o). Using the singlet wavefunctions of the electronic configurations and taking into account that the diagonal terms represent the force exerted by the excited electrons with respect to the ground state, we can get the following expressions for the diagonal vibronic coupling elements:
in whichf e represents the vibronic operator for a singleelectron along Q e . Thus, we observe that all diagonal vibronic coupling elements are approximately the same. We can operate in a similar way to find expressions for the off-diagonal elements: 
Expression (7) suggests that the force with respect to the ground state on the dimer comes from the removal of an electron from the HOMO (due to the negative sign) that is placed into the LUMO, while expressions (9) and (10) suggest that they are related to the forces of individual electrons in the LUMO and the HOMO, respectively. Indeed, using expressions (1) and (2) we get integrals like
These integrals can be further simplified taking into account that vibronic operators decay very quickly (typically αr −3 ) to neglect the second term in the sum when compared to the first one. Moreover, the first product, whose meaning is that of a reduction factor due to the delocalization of the electron in between the two individual monomers orbitals, can in fact be simplified since our first-principles calculations indicate that S 2 H 1. Under these conditions we write Eqs. (7) and (9), and (10) in terms of integrals depending just on a single monomer:
Here f mono = f L − f H is the force experienced in the monomer by removing an electron from the HOMO and placing it in the LUMO, i.e., the force in the excited state of the monomer, while f L and f H are the individual forces created by adding an electron to the LUMO or removing an electron from the HOMO of a monomer, respectively. These two last quantities can be associated with the force on the monomer along the effective mode Q when an electron is added or removed, i.e., the forces for the anion and the cation. In order to check expressions (12)- (14) and the assumptions leading to them we compared the ab initio forces of the anion and cation (Eqs. (13) and (14)) with that of the neutral excited monomer (given by Eq. (12)) finding a reasonable agreement (see Sec. IV). Acting in a similar way for the vibrational part, and imposing that at long range the frequencies of vibration of the dimer need to be those of the monomer we obtain
Thus, we can finally reduce the full vibronic matrix (6) to
Here we see that all vibronic interactions in the dimer can be reduced to quantities obtainable from the monomer. This is a very desirable property since it may allow estimation of the role of vibronic coupling in exciton transport without the need to carry out costly dimer calculations, but to do so is generally advised to validate the model with ab initio calculations. We perform this task in Sec. IV. We can now analyze the physical content of the derived model. The coupling to Q e occurs on the diagonal of the Hamiltonian and connected with f mono , while, on the other hand, the coupling to Q o is always accompanied by vibronic constants f H and f L . Taking into account that f mono = f L − f H , there will be systems in which the coupling to Q e dominates (f L and f H are very different), while in others the coupling to
The emerging picture is that in the first case the distortion is the same and the solution that dominates the vibronic problem, Eq. (16), is an exciton where electron and hole travel together. On the other hand, the case where f L ∼ f H leads to different distortions in the two monomers favors the localization of the electron and hole separately, i.e., formation of polarons. Thus, even though our model does not contain several important key ingredients like electrostatic attraction between hole and electron, it provides a very sensible picture of which conditions would favor the separation of the exciton in polarons. These limit solutions can be obtained from Eq. (16) when the excitonic coupling energy is much smaller than the vibronic coupling energy (f · Q). In that case the solutions take the form
While the (+) combinations correspond to two excitonically coupled local excited states, the (−) combinations represent two symmetrized charge-transfer (CT) excitations. 41 Later it will be shown that the CT states do not play a role in the benzene dimer due to their symmetry.
We will now focus on the changes between the above model and the one that arises when the HOMO and LUMO are doubly degenerate, as in the case of benzene. The main difference between these models is that in the latter case many more states are involved (see Figure 4 and compare with Figure 2 ). Observing the monomer states in Figure 4 we see that, in principle, the vibronic coupling problem is more complicated since vibrations belonging to a 1g , a 2g , and e 1g can be involved. However, ab initio calculations indicate that in the benzene molecule the effective mode Q belongs to a 1g and as a consequence we will not take into account the other possibilities. When constructing all excited states in the benzene dimer involving only the doubly degenerate HOMO and LUMO, we observe that instead of the previous four possibilities now 16 different states are possible. However, since the effective mode in the monomer is a 1g , the resulting even (Q e ) and odd (Q o ) dimer modes have a 1g and a 2u symmetry, respectively. As a consequence, the lower 1 B states do not couple with the higher lying 1 E ones. Therefore, the E states can be completely neglected in the model. Because the charge transfer states belong to these E states, they do not play any role in the derived excitonic coupling model due to the symmetry restrictions of the distortion modes. Thus, the dimensionality of the vibronic matrix can be reduced to eight, and using the same approximations as in Eqs. (7)- (14), we find
Note again that, as in the previous case, only information from monomer calculations is required to arrive at a complete description of the benzene dimer coupling Hamiltonian. We will proceed in Sec. IV to verify this model.
III. COMPUTATIONAL METHODOLOGY
The underlying computational procedure for the construction of the dimer model Hamiltonian is the following steps:
1. Geometry optimization of the monomer and calculation of vertical excitation energies using different TDDFT levels of theory and comparison with experimental data. 2. Geometry optimization of the monomer in the first excited state and identification of the distortion mode. As already mentioned, the parameters f H and f L correspond to the forces acting on the monomer HOMO and LUMO at the ground state geometry, and their difference should be practically equal to the force acting on the excited neutral molecule, f mono . These parameters have been obtained by fitting the curves of HOMO and LUMO energies along the monomer distortion coordinate. K e and K o correspond to the monomer force constant in the excited state and can be extracted by fitting the curves of the first excited state along the particular distortion. Q e and Q o have been constructed over the distortion mode of monomer, Q 1 and Q 2 .
The structures of the benzene monomer and its dimer were optimized at the level of DFT using the Amsterdam Density Functional program package, ADF2010.01. [42] [43] [44] The hybrid B3LYP functional, 45, 46 with included dispersion, 47 B3LYP-D3, was used for the symmetry-constrained geometry optimizations. An all electron triple-zeta Slater-type orbitals (STO) plus one polarization function (TZP) basis set was used for all atoms. The difference in energy between two optimized monomers and the dimer, where two monomer units are placed at large intermolecular separation, i.e., there is practically no interaction between them, was 0.0047 eV, confirming the size-consistency of the calculations. Vertical excitation energies of benzene were calculated using TDDFT, 40, 48, 49 at B3LYP-D3 optimized geometry with B3LYP, 45 levels of theory. In order to elucidate the best combination of functional and basis set the vertical excitation energies were calculated with DZP, TZP, TZ2P, and QZ4P basis set for all used functionals. Vertical excitation energies and potential energy curves of the excited states of benzene dimer were approximated by adding the excitation energies to the B3LYP-D3 ground state.
IV. RESULTS AND DISCUSSION
In order to study the localization mechanism of the excited benzene dimer and to calculate the model Hamiltonian, it is first necessary to compute properties of the benzene monomer to extract the required constants. For this purpose, equilibrium distances and vertical excitation energies have been calculated at different levels of theory and compared with available data. Afterwards, we will present TDDFT results and compare them with the proposed model for the excitonically coupled benzene dimer.
A. The benzene monomer
The optimized structure of the benzene molecule, in D 6h symmetry, at B3LYP-D3/TZP level of theory, has equilibrium bond lengths values of r CC = 1.39 Å and r CH = 1.08 Å, in perfect agreement with results of high-level quantum chemical calculations at the coupled cluster single, double (triple) excitations level with correlation-consistent polarized valence quadruple-zeta basis set (CCSD(T)/ccpVQZ). 57 The excited states of benzene have been the subject of various theoretical and experimental studies. 36, [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] The obtained TDDFT values of the excitation energies of the seven lowest excited states of benzene are given in Table I bidden in benzene, 69 due to vibronic interactions they still occur in the experimental spectrum. 67 The excitation energies are calculated at different levels of theory. The results are consistent to each other, and to previous theoretical considerations, 68 and do not show large basis set or exchange/correlation functional dependence (Table I ). For further studies we have chosen TD-B3LYP/TZP level, although it is clear that it does not exhibit the necessary accuracy to perform a quantitative state-of-the-art study of the excited states of benzene. 68 Qualitatively same results could be obtained with other levels of theory. However, the focus of the present study is not the investigation of the excited states of benzene, but the rationalization of the electronic structure of the excited benzene dimer and the verification of the proposed model Hamiltonian approach. It is also important to note that the CT problem of TDDFT is irrelevant here, since the CT states are excluded from the investigation based on their symmetry and the fact that they do thus not play a role in the excitonic coupling.
TDDFT geometry optimization, without constraining the symmetry, has shown that the equilibrium structure of the first excited singlet state has D 6h symmetry and bond lengths of r CC = 1.43 Å and r CH = 1.08 Å. It is obvious that the structural relaxation, which leads from the ground state geometry of benzene to the equilibrium geometry of the first excited state, occurs along the totally symmetric breathing mode. Following this breathing mode from the ground state geometry, the potential energy curves of the three lowest singlet excited electronic states of benzene, in D 6h symmetry, have been computed ( Figure 5 In order to verify the applicability and accuracy of the proposed model Hamiltonian, which requires only intrinsic features of the constituting monomer to reproduce the excited states of the dimer, we have calculated the necessary parameters f H and f L and obtained values of 14.53 eV/Å and 23.30 eV/Å, respectively. According to the model, the difference between these forces (8.77 eV/Å) acting on the monomer cation on removal of an electron from the HOMO or on the anion on addition of an electron to the LUMO, perfectly corresponds to the force (8.48 eV/Å) acting on the excited neutral monomer.
B. The benzene dimer
Selected possible mutual orientations of two benzene molecules forming a dimer, i.e., parallel (sandwich-shaped) (D 6h ), T-shaped (C 2v ), parallel-displaced (C 2h ), and paralleltwisted (D 6 ), are presented in Figure 6 . In the case of the D 6h , C 2v , and D 6 structures, the intermolecular separation coordinate R was defined as the distance between the centers of masses of the two benzene molecules. In C 2h orientation, the intermolecular separation coordinate R was chosen to be the distance between the center of mass of one benzene ring and center of the closest C-C bond of the other benzene ring.
Numerous theoretical studies have nowadays shown that the T-shaped and the parallel-displaced structures are minima on the potential energy surface of the benzene dimer, 70, 71 which is in agreement with our calculations. Symmetry constrained geometry optimizations of the benzene dimer in all investigated mutual orientations result in equilibrium bond distances r CC = 1.39 Å and r CH = 1.08 Å, which are equal to the bond lengths of the benzene monomer. Since the equilibrium bond distances are the same as in the isolated monomer, the ground state geometry is practically not affected by the presence of another benzene molecule at this intermolecular distance. The optimal intermolecular separation between two benzene units, R eq , is 3.89 Å for D 6h , 3.63 Å for C 2h , 4.97 Å for C 2v , and 3.82 Å for D 6 at the theoretical level of DFT/B3LYP-D3, with splittings of the first two excited states of 0.28 eV for D 6h , 0.04 eV for C 2h , 0.08 eV for C 2v , and 0.00 eV for D 6 minima structures, respectively, at the theoretical level of TDDFT/B3LYP (Figure 7) . The potential energy curves of the energetically lowest electronic states of all studied dimer orientations along the intermolecular separation coordinate R, going from 7 Å to 3 Å in steps of 0.5 Å, are shown in Figure 7 . At distances R < 3 Å strong repulsive Coulomb interaction appears resulting in a steep increase of the energies of the electronic states and consequently in their mixing.
The potential energy curves of the electronic states of the parallel, eclipsed, D 6h , benzene dimer at various intermolecular separations, R (Figure 7 , top left), show that the two first excited states are practically degenerate at intermolecular distances larger than 5 Å. At separations <5 Å, a significant excitonic splitting of these states becomes apparent. With decreasing monomer distances, the splitting becomes more significant, and at R = 3 Å, it has a value of 1.39 eV. In the other studied dimer orientations, the splitting of the first two excited states at R = 3 Å is smaller. In the parallel-displaced orientation, C 2h , it has a value of 0.47 eV (Figure 7, top right) , while in the D 6 orientation, the splitting is completely absent (Figure 7, bottom left) . In the T-shaped orientation ( Figure  7 , bottom right), the splitting of first two excited states is 0.07 eV at an intermolecular separations of 4.5 Å.
The largest EC, i.e., the most pronounced splitting of the excited states, appears in the D 6h parallel sandwich orientation. It has been shown previously that a minimum on the potential energy surface of the lowest excited state exists in this D 6h orientation corresponding to a benzene excimer ( 1 B 2g ) with an intermolecular separation of only 3.05 Å. 72 Hence, we studied the localization of the exciton in this parallel D 6h conformation. The relevant potential energy curves of the benzene dimer were determined at fixed values of R(3 Å-excimer minimum, 3.89 Å-ground state minimum, and 5 Å-borderline case) by following the symmetric and anti-symmetric combinations of the breathing mode, which belong to a 1g and a 2u irreducible representations in the D 6h point group, by varying the bond distance r CC from 1.25 to 1.50 Å in steps of 0.025 Å. By elongation of all C-C bonds in one benzene monomer and simultaneous compression of all C-C bonds in the other one, i.e., following the anti-symmetric distortion, the symmetry of the benzene dimer is reduced from D 6h to C 6v . Therefore, calculations were performed in D 6h (r CC1 = r CC2 ) and C 6v (r CC1 = r CC2 ) point groups.
Cuts through the potential energy surfaces obtained at TDDFT/B3LYP-D3 level along the symmetric and anti- (19)) are shown. Remember that all necessary parameters for the model Hamiltonian, except the , are extracted from ab initio calculations of the monomer alone. 73 However, at large intermolecular separation it is straightforward to derive also from monomer calculations alone knowing the relative orientation of the monomers using the classical Förster equation for the coupling of the transition dipole moments. 74 For shorter distances further contributions need to be taken into account. 68 The overall agreement between ab initio and model curves is excellent, despite the simplicity of the proposed model. The only discrepancy can be found for the slope of the four highest considered excited states in the model, Figures 8-10 (bottom right). This is not surprising, since in pseudo JT theory higher excited states are generally needed to soften these curves. 75, 76 However, for the localization of the exciton, i.e., the correct description of the shape of the 1 B 2g curve, which is reproduced perfectly, only eight states are needed, which are included in the model. In addition, a slight anharmonicity of the TDDFT computed curves can generally be noted (Figures 8-10, top left) . Obviously, this remains undetected in the purely harmonic model (Figures 8-10 , bottom left).
At an intermolecular separation of 3 Å, the splitting of the first two excited states, 1 B 2g and 1 B 1u , is apparent (Figure 8, left) . Along the anti-symmetric distortion of the first excited state, only one minimum exists (Figure 8, right) . Having a closer look at Figure 8 (top right), the minimum of the curve of the first excited state lies at r CC1 = r CC2 , though at longer bond lengths of 1.41 Å, which is between the equilibrium bond lengths of the benzene molecule in the ground and first excited state.
Moving to the intermolecular separation of 3.89 Å, the splitting of the states decreases, as expected (Figure 9, left) , because excitonic coupling decreases with intermolecular distance as R −6 . Regarding the anti-symmetric distortion (Figure 9, top right) , the interaction between the two first excited states at the point r CC1 = r CC2 = 1.41 Å can be noticed. Consequently, two very weakly visible minima in the first excited state, where one monomer unit has C-C bond lengths Finally, at R = 5 Å, the first two excited states, 1 B 2g and 1 B 1u , are practically degenerate (Figure 10, left) . At this intermolecular separation, only a very weak interaction exists between the two monomer units. Removal of the degeneracy is achieved along anti-symmetric distortion and a symmetric double minimum emerges (Figure 10, right) . The obtained minima correspond to structures in which one benzene monomer has C-C bond lengths of 1.43 Å and the other of 1.39 Å and vice versa. It is obvious that one monomer takes on the equilibrium bond distance of the electronic ground state, while the other the one of the first excited states. In other words, localization of the exciton on one of the monomers in the excited benzene dimer can occur at this intermolecular separation of 5 Å.
It should be noted that in this case degeneracy exists by construction, i.e., by putting two equivalent molecules in spatial proximity exhibiting D 6h symmetry. However, the distortion that the system undergoes is not due to the JT effect. The reasons can be found in point group theory as the final state representation must come from the sum of the two initial irreducible representations. Therefore, the subspace of the degenerate B 2g and B 1u states corresponds to a double irreducible representation (B 2g + B 1u ). Taking the direct product with itself, the result is the total symmetric representation A 1g plus the asymmetric A 2u , which is exactly the connecting mode between the D 6h and C 6v symmetric structures, representing the anti-symmetric distortion mode of the benzene C-C bonds. Moreover, the strong mixing of these two initial wave functions strongly changes the initial character of the state transferring charge from one molecule to the other clearly indicating that this is a strong pseudo JTE with a very small gap.
Similar to previous results for the CO dimer, 20 distance dependent EC can either quench the pseudo JT effect (R = 3 Å), or lead to the formation of pseudo JT (R = 3.89 Å) that becomes very strong with quasi-degeneracy at (R = 5 Å). In the two later cases, breaking the symmetry results in asymmetrically distorted molecular geometries with lower energy and concomitant localization of the excitation energy on one monomer unit.
It is noteworthy that the developed simplified model leads to the same conclusions as computationally demanding ab initio calculations, bearing the advantage of giving detailed insight in the behavior of excitonically coupled chromophores while being conceptually simple and computationally cheap.
V. CONCLUSION
Excitonic coupling is the physical quantity that determines the function and efficiency of many photo-biological processes like light harvesting or light reception, or of technological devices like organic light emitting diodes or organic photovoltaics. In this work, a novel scheme for analyzing exciton localization or equivalently excitation energy transfer in excitonically coupled dimers taking vibronic coupling into account is presented, which can be derived from intrinsic properties of the constituting monomers alone. The derived model has here been exemplified using the benzene dimer and its validity and applicability have been tested against ab initio results. Most importantly, the derived Hamiltonian forms the basis for more advanced quantum simulations of excitons in coupled chromophores.
Spatially separated equivalent molecules have degenerate excited states by construction. In principle, two possibilities exist to lift the degeneracy, either by lowering the intermolecular separation between two monomer units to increase EC, or by vibronic coupling where only a small displacement of the atoms removes the degeneracy and lowers the energy of the states, indicating strong vibronic coupling in the excited states, whereas the ground state is not affected. In other words, if two chromophores are close enough that excitonic coupling plays the main role for splitting of the excited states, this situation corresponds to the coherent regime of excitation energy transfer as the exciton remains delocalized over both chromophores. With increasing the intermolecular separation, EC strength decreases, and as soon as the vibronic coupling approaches a similar magnitude than EC, pseudo JT distortion occurs and the exciton tends to localize on one monomer. Going to even larger intermolecular separation, a very strong pseudo JT effect removes the excited states degeneracy.
In order to rationalize the effects that are taking place in the process of exciton localization, we have developed this model based on the vibronic coupling theory, to elucidate the mechanism of exciton localization vs. excitation energy transfer, in strong, weak, and intermediate EC case. The key role of the pseudo JT coupling, especially in intermediate EC situations, has been illuminated. In particular, neglecting the pseudo JT coupling between excited states in the model would always lead to a delocalized picture of the exciton.
Bearing in mind the importance of excitation energy transfer, its consideration from a JT perspective will pave the road to a better understanding of interacting chromophores in a large number of biological systems. The purpose of the new developed model is to represent and predict the properties of coupled identical chromophores based on intrinsic features of the constituting monomer alone, allowing us to study much larger biological or chemical systems, but still to achieve microscopic insights into the details of exciton localization vs. excitation energy transfer in complex systems. In other words, our main conclusion is that most of the influence of vibronic and excitonic couplings on the localization of the exciton can be obtained from calculations of a single monomer. This will allow for studying the properties of isolated molecules by looking for systems with improved excitation transfer properties.
